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ELECTROMAGNETIC RADIATION IN THE VICINITY
OF SYNCHRONOUS ORBIT SATELLITES:

LITERATURE SEARCH

1. INTRODUCTION

A satellite at synchronous altitude acquires a charge, sometimes

of extreme magnitude, which can adversely affect on-board electronics by

subjecting them to large electromagnetic stress. A possible source of such

undesireable radiation , for example , can originate from the power coupled

from breakdown currents flowing near the satellite. Another potential

source of disruptive radiation occurs if the charqed satellite excit es an

unstable plasma to radiate from the plasma interior or boundaries. Insta-

bility can possibly produce a turbulent wake with associated noisy radia-

tion. Though all these mechanisms are possible sources of undesireable

radiation , emphasis is in itially placed on discharge phenomena .

It is important t u  dev .~1op realistic estitnatc~ of the ltvt ’l~- e~f

radiation associated with the satellite motion through the compl ex and

variable magnetospheric plasma . Plasma behavior is modelled by equations

that contain defining plasma parameters and a number of characteristic terms .

The more complex the plasma model , the more d i f f icult is the solution of

the plasma equations. Realistic calculations should use the simplest plasma

mode1~; that adequately predict  discharge currents  and/or waves excited in

u n s t d h lr -  p lasma .

This report begins the task of generating real ist ic  estimates of

satel l i te  radiation levels and is concerned m a i n l y  w i t h  acqu i r ing  and 
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2.

categorizing a sui table in fo rma t ion  base . The report is in tended  to present

a systematic approach dnd to exploit the present s t a t e  of the art of plasma

physics where possible and profitable. The accompanying literature search

provides an overview of this many sided subject as it applies to the ob-

jectives of the investigation .

The mechanism responsible for d i s~ t i r b i n q  r a d i a t io n s  produced

by a charged sate llite ’s interaction with its plasma environment depends

in one instance on the time dependent behavior of a plasma that changes

~~~~~~~~~~ due to external and/or self-consistent fields. In the other instance , ra-

diation depends on the excitation of the complex plasma thedium.

In the f i r st case , it is required to know the initial conditions

of the medium and to have models to describe behavior at later times. In

the second case, it is required to know the dispersion eharacter i~ tics of

the  mcdi urn and iii to r.ict i on  c - ri t-er ja that l -term i ni - tin ’ -xc it .~ t ion - F

el ~‘s~ - i i  I a t  ions  in I h i ’  b~ i 1v of the ~1 wma or at houiidtr I

In either case, the appropriate plasma model used to predict

currents , or waves and oscillations can be generated by estimating certain

plasma param r- t~~- r ;  (s e e  F i g u r e 2 )  . These depend f u n d a men t a l l y  on part  ]c l ( -

species, d en s i t  j r -s , rnerqjes , cross sec t ions  for varioii~ react ions  and

I ‘ Ii i  I re r v ~ t l% ~

The ti hick diagram of F igure 1 di5pldys the components of the

plasma medium (ambient and satellite generated) that contribute to the

total environment .

_ _  _ _ _ _ _ _ _ _  _ _
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I
rhe l i te ra ture  search is organized in to  cateqories as displayed

in Figure 1. The elements of Figure 1 are fur ther  discussed on Page 5

I t  was judged useful to include an appendix to the report , in

which the following items are given as additional info rmation:

A. A list of defining plasma parameters in general use .

B. A block diagram displaying the relationship between plasma

parameters that define a plasma model .

The literature search also includes a list of references related

to the lightning discharge mechanism , because this familiar and much studied
phenomenon has features th .at resemble those of the charged satellite :

• A charge separation mechanism powers discharges in each case.

• E fields must become intense enough to break down the medium

(ionize it) so that discharge currents can flow .



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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bt~havior of plasma . S i m i l a r l y ,  a t heo re t i ca l  and experimental mix can e

found on more ~eneraJ plasma suh ~ ects in references 6A6-6A12 . The reference

6Al6 is of practical interest , as it parameterizes the cross sections of

V . 
- 

inelastic reactions (exciting , ionizing) through a “Maxwellian Model”.

A similar approximate modelling of reactions in the collision integral may

be sufficient for the breakdown investigations of interest.

The references 6B, d-~aling with instability are chosen to be rep-

resentative. Reference 6B1, whi ch has also been cited elsewhere, presents

an extensive bibliography . Once the appropria te plasma model is determined

(refer to Figure 2 in the Appendix) it is expected that a considerable

narrowing of the field of relevant references can be readily effected .

The references 6B3 and 6134 examine the dispersion expressions

using linear theory. Other references seem to establish the ability of

l inear  theory to predict s tab i l i ty, though non—linear theory ( re fe r  to 6A2 1)

is needed to describe the unstable  behavior .  The references 6B5 and 6B6

investigate the two general categories of plasma instability independently .

The possibility of a radiating turbulent wake d- veloping should

the plasma be unstable has been mentioned b r i e f ly  in reference 1.3. The

• 
conjecture was applied to a satelli te moving through the ionosphere . Whether

this possibility is also applicable to the magrietospheric medium is perhaps

even more conjectural . However , the references 6137 and 6B8 on turbulence

have been included as possibly relevant references .

_ _  ~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~ V V  .
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I

SATELLITE CHARGING REFERENCES

1.1 Interactions of Rapidly Moving Bodies in the Terrestrial Atmosphere,
R.P.  Chopra , Reviews of Modern Physics , Apr i l  1962.

1.2 Atmospheric Drag on the Satellite, R. Jastrow, C.A . Pearse , 3. Geophys-
ical Res., September 1957.

1.3 Space Physics with Artificial Satellites, Y . L .  A1’pert , A.V. Gurevich ,
L.P. Petaevskii, 1965, Consultants Bureau New york, 1965.

1.4 Symposium on Interactions of Space Vehicles with an Ionized Atmosphere,
1961.

. Plasma Sheath and Screening Around a Rapidly Moving Body, E . H .  Walker.

1.5 Probes in a Plasma from a Gas Dynamics View- Applications to Satellite

V Charging, Environmental Res. Papers, H.E. Moses, AFCRL—TR-76-0005
(continuum theory used vis-a-vis kinetic theory).

1.6 Scatha Satellite Interim Report, Report No. AFCRL-TR—74—0474, September
1974, A.L. Pavel.

1.7 USAF-NASA Spacecraft Charging Technology Conference - USAF Academy ,

Colorado , October 27-29, 1976.

V
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2

AMI~ I I ~:NI’ MAGNETOSPHERIC INV I RONMI-.N’I

2.1 Critical Problems of Magnetospheric Physics,  Proc . COSPA R/IAGA/URSI
Symposium, Madrid, Spain, May 1972.

2.2 Advances in Plasma Physics, A. Simon , W.B. Thompson , Vol. 1, John Wiley
& Sons, 1968; refer: “plasma in the Magnetosphere”, F.C. Scarf, page
101.

2.3 Reviews of Plasma Physics, Vol. II, M.A. Leontovich (Editor) Consultants
Bureau , New York , 1966.

2 .4 Environmental Support Defense Satellite Communication System, April 1974 ,
173 pages , Pike , C.P., Report No AFCRL-TR—74-0182, AFCRL-AFSG—284.

2.5 The Natural Environment of a Satellite in a Circular Synchronous Orbit,
AD-6580l4, Technical Report No. TR192, June 1967 , 6th Weather Wing
Andrews AFB .

2.6  Synchronous Altitude Atlas, E.C. Whipple , University of California
(This work is currently in progress.)

2 . 7  Magpetospher ic  ~ Fields and Variation with E.M. Activity, M.G. ~(ivelson ,
Reviews of Geophysics and Space Science , Page 189 , May ln 7f’.
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Li ~~t .t. -~~~~., ’t AtuSit ~~:t.~ c1es with a Solid Surface, U.A. Arijov,
S~e-~~al Mese~ rch ~eport Consultants Bureau, 1969.

i .2  Ce~~i Sssa teutraiiz*tion in Vehicular Simulation, J.M. Sellen , R.F.
*.~~~ . Specs Y.chn ~ cal Labs , National lAS, American Rocket Society 1961.

).3 cont.r.nce on), W.G. Chace , Plern~n Press , New York,

~~~~~~~ ~ocMst PIi s, P.D. Jarrinen, J.A.F. Hill, J.S. Draper,
:~~~~~ Fina l ~~port A? Contract , AFl9(62B)—4218.

H
H 
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4

CHEMICAL REACTIONS UND ER PLASMA CONDITIONS (DISCHARGES)

4. 1 Reactions under Plasma Conditions , Vol. I, M. Venugopalan, Wiley inter-
- science , 1971.

4 .2  Reactions under Plasma Conditions, Vol . II , M. Venugopalan, Wiley inter-
science, 1971.

I
I 
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PLASMA PARAMETER REFERENCES

5.1 Handbook on Plasma Instabilities, F.F. Cap, Vol. 1 and 2 , Academic
Press, 1976.

5.2 Plasma Physics in Theory and Practice, W.B. Kunkel , McGraw Hill , 1966 .

5.3 Basic Relaxation Times Characterizing E.M. Field-Plasma Interaction,
R.J. Pappa , December 1966 , AFCRL 66—863.
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REFERENCES RELEVANT TO PLA SMA BREA KDOWN

I II.uad t se k ,~ ~ ~~~~ 
.ihi_I 1 .1. . (• .

~i’ , fl• V - -~ 
~, I I/ I ,

( : ;urv~•y — 

~‘I ~- o I
6a.2 Plasma Physics in Theory and Application, W . I 4 . Ku t ik e l , Un ivers i ty  01

California, 1966.

6a.3 Physics of High Temperature Plasma, G. Schmidt, AlP, 1966.

6a.4 Motions of Ions and Electrons, W.P. Allis, TR 229, Res. Lab. Electronics ,
MIT.

6a.5 An Introduction to Plasma Physics, Thompson , Addison & Wesley Publishing,
1962 — 1964 .

6a.6 Advances in Plasma Physics, Volumes 1, 2, 3, A. Simon, W.B. Thompson , John
6a.7 Wiley and Sons , 1968 .
6a.8

6a.9 Reviews of Plasma Physj c,~~ Leontovich , Vol . 2 , 3, 4 , Consultants Bureau,
6a.lO 1966.
6a.ll

6a.l2 Electrodlynalnics of Plasma, R. Jancel, 3. Wiley and Sons, 1966.

6a.l3 Inelastic Collision Integral Approximation of the Boltzmann Equation,
P. Segur, J.Y. Leonville—Gaillard, J. Plasma Physics, 1976.

6a.l4 Collision Term in the Boltzmann Transport Equation, E.A. Desloge,
S.W. Matthyse, Am. 3. Physics Jan., 1960.

6a.lS Multipacting Modes of High Frequency Gaseous Breakdown, H.B. William ,
A.J. Hatch , Phys, Rev. , 112 1958 , page 681.

I,;
I f -  I

6a.l6 The Mathematical Theory of Electrical Discharges in Gases, Taro Kihara,
Rev, of Modern Physics, Vol. 24, 1952, page 45. V

6a.17 The Mathematical Theory of Non Uniform Gases, Chapman & Cowling,
Cambridge Univ. Press, 1958.

6a l8 Molecular Excitation of Hydrogen and Nitrogen from Electron Swarm
Experiment, L.S. Frost, A.V. Phelps, from E.M. Effects of Reentry V

Symposium on Plasma Sheath, 1959.

6a.19 Basic Data of Plasma Physics, S.C. Brown, TR #2, Res. Lab Electr., MIT.

_ _ _ _ _ _ _ _ _ _ _
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6a.20 DDC Reports on Electric Arc and Plasmas

*0— 727 799 20/9
STAlE UNIV OF NEW YORK BUFF ALO FAC UL TY Of ENG INE ERI N G AND

APPL IED SCIENCE S

DI AG NOS TICS ON STEADY—STATE CROSS—FL OW

ARC S 1 ii: IN FLUE NCE OF VELOC ITY AND CU RR E NT. (U)

DESC R IPTIVE NOTE: FINAL REPT. ,

FEB 71 lIP BENE NSON ID . H’ ICENK N ER ,A .

A D — A fl0 7 633 20/3 2U1 1
AE ROSPA CE RE SEA R C H LA B S WRIGH T— PA TT E RSON A FR OHIO

V AN IN V E S T I G A T I O N  OF COUPLED D .C .
INDUCTIO N ARC 0 ISCHA R ~~~5. 

(U)

DESC RIPTIVE NOTE: REPT. FOR JUL 72—JUL 73, 
-

M AR 73 1’(P SCHREIBER ,P. W. ;HUN TER ,A.

,~~. 
UAYLOR. P . ;BENEDFTTO ,K . R. 1

AD— 71 3 131 20/9 20/3
AE RO SPACE R ESE A R CH LA S S WR IGH T— PA TTE R SON AFB OHIO

SELECTED PAPERS PRESENTED AT THE HIG H— PRESSU RE ARC
SY MPOS IU M SPONSORED BY THE AM E R I C A N  PHYS I C A L  SOC I E TY
ON 28 AN D 29 OCTOBE R 19à9’ (U P

DESCRIPTIVE NOTE: FINAL REPT .,
A UG 70 278P HUNTER ,A , H. • I I I

A D— 706 ~d 5 20/9 7/SI
U P PSA LA UN IV (SW EDEN) INST O~

• PHYSI C S

PROC EE DINGS OF THE IN T E R N A T I O N A L .  CON FE REN CE O~
ION IZA T ION PHENO M EN A IN GA SES (L ’ITH). HELD A T

t i  UPPS AL A ON 17— 2 1 AUGU ST 1 959. VOLUME I’ (U)
V V 

60 S88P
CO NTRA CT : *r 61(O52)—2 0’~

A D —  6e7 z e ,i 20/9
MO BI L RESEA R CH AN D DE V ELO PM ENT CORP PRIN CE TON N J CENTR ALR E S E AR CH D I V  L A B

B E A M  PROBE M A P P I N G  OF R A P I D L Y  FLUCTUA T ING PLASMA
DINSITY IN AN ENERGET IC ARC. (U )

DE SCRIPTIV E NOTE : REPT. NO. II (F INAL ), 1 DFC 67— 30

_ _  -~~ -~~~~~~~~~~~~~~~~ -- - -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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AD— R 2 1 ‘35 20/9
A RN OL D EN G I N E E R I N G D F V E L O P M E N T C E N T E R A R NO L D A I R  F OR CE
STAT ION TEN N

PL A SMA I N S !A B IL I T Y  O~~~A L OW PRE SSURE ARC DI SCHA R GE
WITH AN APPLI ED L O N G I T U D I N A L  MA GNETIC FIELD. (U)

DE SCRIPTIV E NO TE: TECHNICAL REPT. JUN e6 MAR 67,
OCT 67 83P SHIPP ,JOHN I’ 1

AD— 636 160 20/9 73/3 14/2
GE N ERAL ELEC TRIC CO PHILA DE LP HIA PA M I SS ILE AN D SPACE
D I V

AN A N A L Y T I C A L  STUDY OF’ THE PHYSI CA L PROCESSES IN THE
CATHODE REGION OF AN ARC. (U )

DESCRIPTIVE NOTE: FINA L REPT ., F E B  62—JUN 65.
APR 66 127P LEE, Ti H. IGRE ENW 000 ,A LLAN

BREI p 4GAN,W. D . $FULLERTON ,H . p . I

DOC REPORT B I B L I O G R A P H Y  SEA R CH CONTRO L NO. BLJ45F

AD— iSo 478 20/9
ST A N FO R D U N I V  CA LI F INST FOR PL A SM A R E SEA R C H

LOW — FRE QU ENCY FLUTE IN S T A B I L I T I E S  O F A
HpLL 0W CATH ODE ARC D~ SCHAR ~ E ; THE OR Y AND

V 

EXPE RIMENT ,

AD — iSO ‘I l l  2 UFY
S A N FORD U N I V  CA LI F IN ST FOR pLASMA RESE ARCH

LOW FRE QUENCY INST A B I L I T I E S  IN INH OM O GEM E OUS
M AG N E T O PLA SM A. (U I

AD— 749 552 20/9

— 
V A N D E R B I L T  U N IV  N A S HV I L L E  TENN DEPT O~ PHYSICS

E LECTR I CA LLY D R Iy E N  SHOCK PLAS MA S , (U )

DESCRIPTIVE NOTE: F I N A L  SCIENTIFI C RE PT . I SEP 71—3 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4
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A D — A O l ,  793 20/9 20/7
R E N SSEL A E R P O L Y T ECH N Tè  INST TROT N V PLASM A D YN AM IC S

CU RRENT DENSITY AND SPACE POTENT IAL TN
PL ASMA S. 

(U)

DESC R IP T I V E  NOTE: F I N A L  REPT . 1 DEC 74—30 JUN 75,

AD— 739 939 20/9
AE RO SPAC E RE SEA R CH LA B S WR IGHT—P A TT E R SON AFB OHIO

SELECTED PAP ERS PRESENTED AT THE SECOND ARC
SY MPOSIUM OF THE A N N U A L  GASE OUS ELECTRONICS
CONF ER ENCE (2 3RD ) HELD A T HA RTFORD ,
CONN EC TICUT ON 20— 21 OC TOBE R 1970. (U )

DESCRIPTIVE NOTE: FINAL REPT.,

A D — A f l 1 9  ‘157 20/9 20/5 9/3
O F cI C F  OF N A V A L  R ESEARC H A R L IN G T O N  V a 

V

A N N U A L  GAS E OUS E LECTRONICS CONFERENC F
(2 8TH) . PR O G R A M  AND ABS TRAC TS OF PAP F RS ,
HELD iN R O LLA. M O. ON 21—2 4 OC TOBER 1975. (U)

DE 5 cRIPTI v E j4OTE: FIN A L  REPT ., 
. 

V

AD— 731 803 20/9
SYSTE MS R E SEARCH LAB S INC DA YTON OHI O

ARC MOTION AND MODES IN A HOM O PO LAR
- 

I 
DEVI CE.

DESCRIPTI VE NOT E FI N A L  REPT . SEP 67—A UG 69,

A D— 63q 023 20/9
AE ROJET GEN ER AL. NUCLEO N IC S SAN R A M O N  CALIF

RESEAR CH ON U NS TABL E OSCILL A TI ONS IN ENERGET IC

ARCS. (U )

DESC RI P T I V E  NOTE: FI NAL TEC HN ICAL REPT., 1 MA R 65 30

~~~~

‘-
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A D— 75q 228 12/1 20/4 20/ 13
M A R Y L A N D  U N I V  COLLEGE PA RK INST FOR FLU ID D Y N A M I CS AN D
APPL IED M A T H E M A T I C S  -

ON AN E Q UA TI O N  R ELATE D TO NO N L I N E A R
SATU RA TIO N OF C O NVEC T ION PHENOM ENA . (U )

DESCRIPTIV E NOTE: TEC HNI CAL NOTE ,
AUG 72 25P CAP ,FERDIP dAND ILAS H INSK Y ,

AD — A Q I l  815 20/9

V 
N A V A L  R E SEA R C H LAB W ASHI N G TON 0 C

A TEST FOR THE V I A B I L I T Y  of FLUID CODES IN
THE COLLIS ION LE SS REGIME. (U)

DEsc RI p T I v E  NoTE: INT E RIM REPT .,
M A Y  75 25P . 

)IAN HE IIIER ,W . N. ILI EwE R ,P . 
V

6a.21 Nonlinear Effects in Plasma, Vadim N. Tsytovich, Plenum Press,
New York, London 1970.

6a.22 Nonlinear Electromagnetic Wave Propagation in Plasmas, A.J. Papa,
AFCRL-66-347, May 1966.

This reference includes a critical review of the literature regar-
ding the nonlinear effects of fields on a plasma medium . These
affect transport properties of a plasma, including the conductivity.
The latter is important in determining the subsequent behavior of
broken down plasma subjected to E fields as in the boundary layer
of a moving satellite.

r
6a.23 Proceedings of the Third Symposium on the Plasma Sheath, Vol. II,

Electrical Properties of Shock Ionized Flow Fields, W. Rotinan ,
H. Moore, R. Papa, 3. Lennon, AFCRL-67-0280 (Vol. II), May 1967.

I- .

I-

_  ~~--~~- -~~~~ ~~~~~~~~~~~~~~~~~~~~ V~~~~J



r 

20

6b

- REFERENCES ON INSTABILITY

• 6b.l Handbook on Plasma Instabilities, F.?. Cap, Academic Press, 1976 ,
- Ch. 3, 9, 10, 11, 12 , 13.

6b.2 Plasma Physics in Theory and Ap~1ication, W.B. Kunkel, University of

- 
California, 1966 , ch. 5 , 8.

- 6b.3 Linearized Theory of Plasma Oscillations, L. Oster, Revs. of Mod.
Physics, January 1960.

V 6b.4 The Dispersion Equation for Plasma Waves, N.G. Van Kampen, Physica XXIII,
-

- 1957.

6b.5 Theory of Plasma Instabilities, Vol. 1: Instabilities of a Homogeneous

- Plasma, A.B. Mikhailovskii, Consultants Bureau, 1974.

6b.6 Theory of Plasma Instabilities, Vol. 2: Instabilities of an Inhomo—
geneous Plasma.

6b.7 Turbulence of Fluids and Plasutas, Proceedings of the Symposium, New
York, New York, Aprii 1968.

6b.8 Plasma Turbulence, H.B. Kadomtsev, New York, Academic Press, 1965.

p.- 
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REFERENCES ON

LIGHTNING THEORY
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1. The Lightning Book, P.E. Vunieister, Doubleday, 1961.

2. Physics of Lightning, D.J. Malan, English Universities Press, 1963.

3. Problems of Atmospheric and Space Electricity, Proc. 3rd Int’l. Conf.
Space Electricity , S.C. Coroniti, Elsevier Publishing, 1965.

Theory of Lightning,~ D.J. Malan, from above.

4. Recent Advances in Atmospheric Electricity, Proc. 2nd Conf. on Atmospheric
Electricity , 1958. V

5. Thunderstorm Electricity, University of Chicago Press, 1953.

‘V
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3. CONCLUSION AND RECOMMENDATIONS

An initial review of the literature in the categories chosen

for literature search reveal that all categories are much involved

with various aspects of plasma physics. A critical review of the litera-

ture in each category then appears to be a logical next step. However,

because the objectives are relatively narrow,requiring the estimation

of radiation incident to a synchronous sateijite, it is expected

that the depth to which each category need be investigated, can be

correspondingly moderated.

Assuming that radiation produced by discharge currents

in external media is the most likely source of undesireable external

radiation, suggests that analysis begin with the electrical breakdown

of diffuse plasma. A plasma model which includes a set of expression

for charge continuity, current or momentum density and energy balance

and is descriptive of a suitable multi-component plasma is first

generated. The model is chosen to apply to a range of plasma parameters

descriptive of the synchronous satellite ’ s tenuous particle and field
environment.

Electrical properties such as conductivity and self inductance

of discharge streamers is then estimated. The synthesis of discharge

current wave forms can be undertaken as determined by the time

dependent processes of charge separation, plasma breakdown, discharge

streamer growth , and discharge current flow with equalization of
-

~~~~ :~ charge separation.

In focusing investigation in this manner, a range of estimated
current wave forms and their spectra corresponding to a range of

satellite plasmas can be generated. These can be compared with

experimental measurements and with satellite data as a basis to

refine or alter plasma models and calculations. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- - - - - -~~~- - .—- -V- - - --- -- ~~~~~V
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APPENDIX A

PLASMA PARAMETERS
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8 - ratio of plasma pressure to H pressure = 8~Tn!~~

r~,
(cm

3
) - particle density (specie a , a = e -

~ electron)

T(o
k
) - absolute temperature

B ( G) - ~ field in gauss

C k T
— Debye length =

~~~~~, 2 
° 

2 
(MKS units)

I e (1 + Z ) ~

- number of particles in a Debye sphere

P-.(cm) - characteristic scale of plasma region

~(cm) - mean free path = Cth /v

- collision frequency of a particle

U1 is velocity .1. 
to B

r~~~(cin ) - electron gyration radius — ut
E 

ulE/eB

rLI
(cm) - ion gyration radius = m1 u11

/eB

U
—l .LE

~~~~ 
) = e B/mac = — = Larmor fr~equency of electrons

LE

= e S/m
1~ 

= Larmor frequency of ions

mean distance of closest approach ~ PE. = K.E

Ii .t- ., J~~ Ze~ /k J I .67 x 10~~ Z

3

iI
~.n (A

1) = i~.n ~
Q, A

1 
= 4.9 x io

14 
T

2 n~~
I..

NOTE: A is an important parameter which indicates the degree to which
collective effects exceed individual particle effects.



26. J

Cth 
= thermal velocity m = part ic le  mass

A
B ~~~

‘~~th

..J.
V 

NOTE: ~
k
B ~L ’ ~ 

3 
~ quantum effects  are neqligible

C 41Tn e~ ~
— plasma frequency — 

~ç~~
- = ( M~ 

) = 5.f, x 10

V I = 
~~

- = average time of one collisiOn

electrostatic energy~ ..
= — 

thermal energy kT

6 small implies plasma behaves thermodynamically as a perfect gas ,
p nkT

= degree of ioni zation

~~ lO g

, N
E 

<< N
N 

weakly ionized

r~ > lO g

, N
N 

<< NE strongly ionized

I f--

V V

~ 

~~~V V ~~~~~ V V V V



~~~Tii 

27.

APPENDIX B

PLASMA MODELS

FIGURE 2

1. I
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